Mesendoderm cells induce oriented cell division and invagination in the marine shrimp Sicyonia ingentis  by Wang, Steven W. et al.
Developmental Biology 320 (2008) 175–184
Contents lists available at ScienceDirect
Developmental Biology
j ourna l homepage: www.e lsev ie r.com/deve lopmenta lb io logyMesendoderm cells induce oriented cell division and invagination in the marine
shrimp Sicyonia ingentis
Steven W. Wang a,⁎,1, Philip L. Hertzler b,⁎, Wallis H. Clark Jr. a
a Bodega Marine Laboratory, University of California, Davis, P.O. Box 247, Bodega Bay, CA 94923, USA
b Department of Biology, Central Michigan University, Brooks Hall 217, Mount Pleasant, MI, 48858, USA⁎ Corresponding authors. Fax: +1 989 774 2393.
E-mail addresses: Steven.Wang@uth.tmc.edu (S.W. W
Philip.L.Hertzler@cmich.edu (P.L. Hertzler).
1 Current address: Department of Ophthalmology and
of Texas Health Science Center Houston Medical Schoo
Houston, TX 77030, USA.
0012-1606/$ – see front matter © 2008 Elsevier Inc. Al
doi:10.1016/j.ydbio.2008.05.525a b s t r a c ta r t i c l e i n f oArticle history: The mesendoderm (ME) ce
Received for publication 3 January 2008
Revised 20 April 2008
Accepted 2 May 2008








Archenteron elongationlls are the two most vegetal blastomeres in the early developing embryo of the
marine shrimp Sicyonia ingentis. These two cells enter mitotic arrest for three cycles after the 5th cell cycle
(32-cell stage) and ingress into the blastocoel at the 6th cycle (62-cell stage). Circumjacent to the ingressing
ME cells are nine presumptive naupliar mesoderm (PNM) cells that exhibit a predictable pattern of spindle
orientation into the blastopore, followed by invagination. We examined the role of ME cells and PNM cells in
gastrulation using blastomere recombinations and confocal microscopy. Removal of ME progenitors pre-
vented gastrulation. Removal of any other blastomeres, including PNM progenitors, did not interfere with
normal invagination. Altered spindle orientations occurred in blastomeres that had direct contact with one of
the ME cells; one spindle pole localized to the cytoplasmic region closest to ME cell contact. In recombined
embryos, this resulted in an extension of the region of ME-embryo contact. Our results show that ME cells
direct the spindle orientations of their adjacent cells and are consistent with a mechanism of oriented cell
division being a responsible force for archenteron elongation.
© 2008 Elsevier Inc. All rights reserved.IntroductionGastrulation is usually initiated by the invagination or ingression
of blastula cells and proceeds by other morphogenetic movements
such as involution, convergence and extension, and epiboly with the
elongation of the archenteron or expansion of endo-mesodermal germ
layers (reviewed by Keller and Davidson, 2004). Several cellular
mechanisms have been proposed to account for invagination move-
ments, including apical constriction (Lewis, 1947), cell tractoring
(Burke et al.,1991), apical contractile ringmodel (Davidson et al.,1995),
apical–basal shortening (Gustafson and Wolpert, 1995), and gel-
swelling (Lane et al., 1993; reviewed by Ettensohn, 1985; Keller and
Davidson, 2004). Coordinated cell shape changes are believed to be
responsible for several morphogenetic events during gastrulation in
Drosophila (Leptin and Grunewald, 1990; Leptin, 1991; Kam et al.,
1991; Costa et al.,1994). Controlled changes of cell adhesionproperties
are responsible for ingression and migration of primary mesenchyme
cells in sea urchin embryos and other embryos (reviewed by McClay,
1991). Convergent-extension during gastrulation in Xenopus and in sea
urchins is clearly due to cell rearrangements (Keller, 1986; Wilson and
Keller, 1991; Keller and Winklbauer, 1992; Hardin and Cheng, 1986).ang),
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l rights reserved.During the latter part of the 19th century His (1874) proposed that
oriented cell division functions as a force for gastrulation. Holtfreter
(1943), however, discounted this hypothesis based on the observ-
ations that cell division is greatly reduced, if not discontinued, during
gastrulation in several animals. Subsequent studies showed that in
sea urchins, archenteron elongation was not altered in embryos
treated with drugs inhibiting both karyokinesis and cytokinesis
(Burke, 1980; Stephens et al., 1986; Hardin, 1987). Elongation of
structures by oriented cell division is common in plants and is also
found in the teloblastic cell divisions of leeches and in the posterior
growth zone of crustaceans and short germ band insects (reviewed by
Sander, 1976; Scholtz and Dohle, 1996; Shankland and Savage, 1997).
For example, in the amphipod crustacean Parhyale hawaiensis,
ectoteloblast and mesoteloblast stem cells undergo anterior–poster-
ior cell divisions as growth occurs at the posterior (Browne et al.,
2005). However, the molecular and biophysical details of how force is
transmitted by oriented cell division are largely unknown (Keller,
2006).
Cleavage and gastrulation in the crustaceans occurs through a
diversity of mechanisms (reviewed by Gerberding and Patel, 2004).
Cleavage can be complete or superﬁcial, in random or ﬁxed patterns.
In the non-Malacostracan crustaceans, gastrulation occurs by invagi-
nation and ingression or by epiboly. In the Malacostracan crustaceans,
gastrulation occurs by ingression and invagination. Some levels of cell
fate commitment have been demonstrated prior to or during gas-
trulation in crustaceans. For example, in the amphipod P. hawaiensis,
the germ layer is likely to be speciﬁed by cytoplasmic determinants
176 S.W. Wang et al. / Developmental Biology 320 (2008) 175–184(Extavour, 2005). In the penaeoidean Sicyonia ingentis, vegetal deter-
minants likely specify the mesendoderm cells, which in turn may
induce the invagination of naupliar mesoderm cells and organize the
anterior–posterior axes of the embryo (Hertzler et al., 1994). Diffe-
rent rates of cell division also correlate with different cell types in
S. ingentis. Gastrulation begins when two mesendoderm (ME) cells
arrest and ingress between the 32–62 cell stage. In the next phase, the
presumptive naupliar mesoderm (PNM) cells orient their spindles into
the blastopore and invaginate from the 62–122 cell stage. The PNM
cells are retarded in their rate of cell division relative to the ectoderm,
and it is possible the oriented cell division provides the force for
invagination and extension of the PNM. A similar pattern of oriented
and retarded cell division occurs in krill, where the mesodermal
crown cells undergo oriented division during invagination (Taube,
1909; Alwes and Scholtz, 2004).
Using blastomere recombinations and confocal microscopy, we
have attempted to address the necessity of ME cells and the original
PNM cells for the initiation of invagination during shrimp gastrulation.
In addition, we present data consistent with the hypothesis that
oriented cell division is a contributory force for gastrulation, especially
for later archenteron elongation. In normal unmanipulated embryos
the cells surrounding the ME cells are prospective post-naupliar
mesoderm cells, mostly of CD origin (Hertzler and Clark, 1992). In the
manipulated embryos, the ancestry of cells surrounding theME cells is
altered, and to distinguish this, the immediate neighbors of ME cells in
the manipulated embryos are termed as ME-circumjacent-cells or
ME-adjacent-cells. We conclude that ME cells can induce cells of non-
CD descent to orient their spindles while invaginating, suggesting that




S. ingentis were collected off the coast of Southern California at a depth of
approximately 100 m. Gravid females were transported to the Bodega Marine
Laboratory and maintained in 3785-L aquaria with running sea water. Spawning was
induced as described by Pillai et al. (1988). Spawning females were held over 11-cm
ﬁnger bowls containing approximately 200 ml artiﬁcial sea water (ASW), prepared
according to the formula of Cavanaugh (1956). The ﬁnger bowls were gently swirled for
approximately 1 min post spawning to prevent eggs from aggregating or adhering to
the bowls. Hatching envelopes (HE) were removed using a technique modiﬁed from
Lynn et al. (1993). At 5 min post spawning, eggs were transferred to ASW containing
0.5 mM 3-amino-1,2,4-triazole (ATA-ASW) to prevent hardening of the HE. The eggs
remained in ATA-ASW for approximately 50 min and were ﬁltered through 200 μm
mesh Nitex screen to remove the HE. Eggs were washed three times with ASW
subsequent to HE removal.
Blastomere isolation and recombination
Zygotes lacking HE were transferred to agarose-coated (Sigma type III agarose,
0.9% in ASW) disposable 60 mm petri dishes, washed three times with ASW, and
allowed to settle and develop at room temperature (20–23 °C). Blastomeres were
mechanically dissociated and re-associated with a hand held capillary glass needle.
ME cells were obtained by the method of Hertzler et al. (1994). For each recom-
bination experiment, ~30 healthy looking embryos were selected using a mouth
pipette at early 2-cell stage immediate before the completion of anaphase. Timing
was important because cleavage process might be perturbed if the embryos were
picked up too early and cells were easily dissociated within the pipette if they were
picked up too late. Usually 10~20% of the embryos became unusable because one of
the blastomeres was destroyed during the manipulation process. Conservatively, each
experiment, with 5~6 repetitions, would have at least 20 interpretable embryos at
the end point. For assessing gastrulation, 50% of remaining embryos were ﬁxed for
confocal analysis at the time when gastrulation was obvious (depending on the room
temperature). The other 50% were allowed to develop into either amorphous or
swimming larvae (usually overnight). For assessing spindle orientation of ME-
circumjacent cells, samples were ﬁxed immediately after ME ingression. Only
samples containing distinct mitotic spindles in the PNM cells or ME-circumjacent
cells were used. We were unable to determine a speciﬁc pattern of centrosome
movement prior to mitotic spindle formation. However, we did notice that the
centrosomes of each ME-adjacent cell were not located close to the ME contact prior
to prophase.Immunoﬂuorescent staining and images
Samples were ﬁxed on ice for 1 h in 90% methanol containing 50 mM EGTA and
10 mM HEPES at pH 6.0 (modiﬁed from Harris, 1987). Fixed samples were inﬁltrated
with 10 mM Tris-buffered saline (TBS) for 30 min and embedded in 1% agarose (Sigma,
type IX; in TBS). Agarose containing samples were cut into small cubes, reimmersed in
cold methanol, and stored at 4 °C.
For immunoﬂuorescent staining, stored samples were washed three times with
TBS, treated with 1% bovine serum albumin (BSA) in TBS for 1.5 h, incubated with anti-
α-tubulin antibody (Accurate Chem. Co., MAS077B; diluted ﬁve times with BSA-TBS) for
1.5 h. Samples were washed three times with TBS, treated with BSA-TBS for 1.5 h, and
incubated for 2 h with either rhodamine or ﬂuorescein-conjugated anti-rat IgG
antibodies (Jackson Immuno Research) diluted 50 times with BSA-TBS. Finally, samples
were washed three times with TBS, dehydrated in an ethanol series, and cleared with
methyl salicylate (Summers et al., 1991). Samples were observed, and images collected,
using an Olympus IMT-2 inverted microscope coupled to a BioRad MRC 600 laser
scanning confocal system equipped with a krypton/argon laser at the Bodega Marine
Laboratory. Digital images were assembled into plates using Adobe Photoshop CS2. In
some cases existing ﬁgure panel labels were erased and replaced with ones of different
font and size, but only if they appeared over the background.
Results
S. ingentis development
Fig. 1 shows normal development of S. ingentis through hatching of
the nauplius larva (Hertzler and Clark, 1992; Hertzler et al., 1994). The
fertilized egg enters ﬁrst mitosis at about 55 min post-spawning (Fig.
1A), and ﬁrst cleavage produces two blastomeres designated AB and
CD (Fig. 1B). Blastomere AB is closer to the polar bodies and is slightly,
but noticeably, smaller than CD. The second cleavage produces A, B, C,
and D blastomeres; D is slightly larger than the otherswhile A, B, and C
are indistinguishable in size (Figs. 1C, D). After three more cleavage
cycles (Fig. 1C–H) the embryo becomes a hollow blastula containing
32 blastomeres (Figs. 1I, J). At this stage, a pair of D descendants, the
mesendoderm (ME) cells, enter mitotic arrest resulting in a blastula
which contains 62 blastomeres (Figs. 1K, L). At the end of the 62-cell
stage, the mitotically-arrested ME cells start to ingress. Surrounding
the ME cells are 9 (or 8 in other penaeoidean species) presumptive
naupliar mesoderm (PNM) cells (Kajishima,1951; Zilch, 1979; Hertzler
and Clark, 1992; Hertzler, 2005). Hertzler and Clark (1992) demon-
strated, in S. ingentis, that in a majority of cases, four of the PNM cells
are descended from the C blastomere and ﬁve from the D. The PNM
cells exhibit retarded mitosis and altered orientations of their mitotic
spindles; one pole of each spindle becomes situated in the cortical
region proximal to one of the ME cells. As a consequence, PNM
spindles are aligned radially around the blastopore circumference and
are directed inward toward the ingressed ME cells (Fig. 1K; Hertzler
and Clark, 1992; Hertzler, 2005). The orientation of PNM spindles
dictates a common cleavage plane in the PNM cells that is perpen-
dicular to the long axis of the future archenteron. The ME cells resume
division after a three cell cycle delay (Fig. 1N). The embryo completes
germ layer formation, segmentation and organogenesis (Fig. 1O),
hatching as a nauplius larva in about one day (Fig. 1P).
4-cell stage blastomere rearrangements
If a normal spatial arrangement of blastomere contacts at the 4-cell
stage is necessary forME cell ingression or PNM cell invagination, then
rearrangement into other patterns may block these processes. The
effects of early blastomere arrangement on ME ingression and PNM
spindle orientations were examined by dissociating blastomeres at
the 2-cell stage, allowing each to divide, and re-associating them at
the 4-cell stage into three different conformations. First, A/B
blastomeres were positioned to contact the C blastomere of a C/D
pair (see Figs. 1C, D for blastomere designations) so that the axis of the
A/B division was perpendicular to that of the C/D division, forming a T
shaped conformation (Fig. 2A). In this case, neither the A nor B
blastomere was in direct contact with D. Second, A/B blastomeres
were rotated 180° and re-associated with C/D blastomeres (Fig. 2B). In
Fig.1. The cell lineage of S. ingentis in normal development. (A) Zygote. First metaphase occurs at about 55min. post spawning. The spindle is oblique to the polar axis. (B) 2-cell stage.
First cleavage produces AB and CD blastomeres; CD is slightly larger than AB. Their spindles are oriented obliquely to each other during the second metaphase. (C, D) 4-cell stage,
dorsal and ventral views. Second cleavage produces A, B, C, and D blastomeres; to more easily trace their lineage, they are assigned as blue, green, red, and yellow respectively.
Blastomere D is slightly larger than others while the rest are indistinguishable in size. At the third metaphase, spindles of panels A and C are arranged in a line; as are B and D. (E, F)
8-cell stage, dorsal and ventral views. The third cleavage produces eight blastomeres arranged in two intercalating blastomere bands. In the original nomenclature (Hertzler and
Clark, 1992; Hertzler, 2002; Hertzler, 2005), Av, Ad, Cd, Cv form one band, while Bd, Bv, Dv, Dd form the other. Since dorsal, ventral, anterior, posterior, and left, right have nomeaning
for cells in isolation from the embryo, in reference to cells in isolation the above designations correspond to cells A2, A1, C1, C2 and B2, B1, D1, D2, respectively. At the 8-cell stage, the
number “1” denotes cells on the interior of each band and “2” denotes cells at the end of each band. (G, H) 16-cell stage, dorsal and ventral views. D22 is deﬁned as the cell which
forms the two ME cells, and can form on either the left or right sides. (I, J) 32-cell stage, posterior and anterior views. The two D22 daughters, dorsal (Xd) and ventral (Xv) ME cells,
enter mitotic arrest, marked by circles. (K, L) Late 62-cell stage, posterior and anterior views. ME cells (Xd, Xv) have ingressed. Nine PNM cells, marked by spindles, surround the
internalizedME cells. Spindles of the PNM cells are radially oriented into the blastopore. Note that ﬁve of the PNM cells are from the D blastomerewhile four are from cell C. The other
cells in the blastula wall are at anaphase when PNM cells just enter metaphase. (M) 62-cell, sagittal section showing the division-arrested ME cells (Xd, Xv) and their neighboring
PNM cells (spindles indicated). Note that the ME cells maintain contact with the PNM cells. (N) Later gastrula, sagittal section. ME cells resume cell division, while PNM cells elongate
the invagination. PNM cells in contact with ME cells have their spindles oriented toward the ME cells. (O) Limb bud stage at about 33% of development to hatching. The ectoderm (E),
naupliar mesoderm (NM), mesendoderm (ME), and neural tissues (N) are indicated. Three segments are visible at about 7 h post spawning. These segments later give rise to pairs of
ﬁrst and second antennae andmandibles (labeled An1, An2, Mn in panel P). (P) Orthonauplius stage, shown emerging from the hatching envelope (not shown in previous panels). The
non-feeding ﬁrst nauplius hatches at about 24 h post spawning and swims using its naupliar appendages.
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embryo even though the positions of A and B blastomeres had been
reversed with respect to the C/D blastomeres. Third, linear embryos
were prepared resulting in blastomere arrays of A–B–C–D or B–A–C–D
(Fig. 2C). In these linear embryos all cleavage planes were parallel to
each other and the D blastomere was never in contact with an A or B
blastomere (Wang et al., 1997).Altered blastomere conformations, as described above, had no
effect on the mitotic arrest and ingression of ME cells (For each
conformation, n=20 embryos from each of 6 spawns). Blastulae
formed in each of the three types of rearrangements (Figs. 2A′, B′, C′).
In each case, ME cells (recognized by their larger size) ingressed at the
late 62-cell stage, approximately 4 h post-spawning. The ME cells are
assumed to be of D origin since Hertzler et al. (1994) found that D cells
178 S.W. Wang et al. / Developmental Biology 320 (2008) 175–184are necessary and sufﬁcient for ME cell formation, and that embryos
do not regulate to makeME cells from A, B, or C cells. It is unlikely that
cells moved back to their original locations since Wang et al. (1997)
showed that cells in experimentally-produced linear embryos retain
their positions during a few subsequent cleavages.
Immediately after ingression, the cells circumjacent to the ME cells
exhibited alterations in their spindle orientations; one pole of their
spindles was always directed toward one of the ingressed ME cells
(Figs. 2A″, B″, C″), as found in PNM cells during normal development.
Again, as is seen in PNM cells in normal development, the cell cycles of
the ME-circumjacent cells in manipulated embryos were slightly
retarded compared to those on the animal cap. In many cases,
however, the number of ME circumjacent cells became irregular,
ranging from eight to ten. All the manipulated embryos becameFig. 2. Blastomere rearrangements, deletion and their consequences. (A) A/B was separated
was separated from C/D, rotated 180°, and re-associated with C/D to form a ﬂattened embryo
C–D or B–A–C–D linear embryo. In all of the above blastomere rearrangements the ME cells
ME cells always aligned radially around the blastopore (A″, B″, C″). (D–G) Results of blasto
blastomere progeny. The embryo underwent normal invagination and PNM elongation. (E)
embryo did not undergo gastrulation and became ﬂattened on the substrate. (E′) reconstru
absence of ME cells. (F) Sagittal section of an embryo lacking D1 progeny. The ME cells
Projections of serial sections of an embryo lacking D2 progeny. Such embryos never gast
bars=100 μm for panels A, B, and C, 50 μm for all other panels.swimming larvae. Since blastomeres at the 4-cell stage were rear-
ranged, one would expect that the ME-circumjacent-cells to be of
different lineage from the PNM cells of a normal embryo. Regardless of
their apparent lineage difference, blastomeres circumjacent to the ME
cells exhibited spindle orientation patterns seen in the PNM cells of
normal development. The results suggest that spindle orientation is
not intrinsic to PNM cells, and that alteration of the arrangement of 4-
cell stage blastomeres does not affect ME cells. Although the number
of ME-circumjacent cells varied from the usual PNM cell number of
nine, this had no effect on development since all manipulated
embryos developed into swimming larvae. Therefore the normal
arrangement of blastomeres at the 4-cell stage is not essential for ME
cell ingression or PNM cell invagination, and the embryo can regulate
in response to altered 4-cell stage arrangements.from C/D and placed at the C end of the C/D pair forming a “T” shaped embryo. (B) A/B
. (C) A/B was separated from C/D and placed at one end of the C/D pair forming an A–B–
ingressed normally (A′, B′, C′). The mitotic spindles of cells circumjacent to ingressing
mere deletions at the 4- and 8-cell stages. (D) Sagittal section of an embryo lacking C
Projection of serial sections illustrating an embryo lacking D blastomere progeny. The
ction of three sagittal sections of the embryo in (E) illustrating lack of gastrulation and
of this embryo ingressed normally (arrows) and PNM ingavination occurred. (G, G′)
rulated and became ﬂattened on the substrate as viewed in cross section (G″). Scale
Fig. 3. Effects of ME cells on AB half-embryos. (A) Isolation of ME cells. After ﬁrst
cleavage, AB was separated from CD; after second cleavage, D was separated from C;
after third cleavage, D1 was separated from D2; after fourth cleavage, D21 was
separated from D22; after ﬁfth cleavage, D22 divided into the ME cells, which entered
cell cycle arrest. (B) A light micrograph illustrating a pair of ME cells placed in contact
with an AB progeny blastula. (C) Tubulin-stained confocal sections showing one cell of
an AB progeny blastula in association with a ME cell. This cell exhibited mitotic
retardation compared to the other blastomeres. One of the centrosomes has moved to
the ME contact vicinity before the formation of mitotic spindle. (D) A light micrograph
of an exo-gastrula-like structure formed when ME cells are associated with an AB
progeny blastula. The stalk of the exo-gastrula-like structure may be equivalent to the
PNM elongation. Such stalks are formed by cell proliferation of AB progeny and are
initiated by the experimental addition of ME cells to the surface of AB progeny blastula.
(E) Tubulin-stained stereo-pair projection of confocal sections showing a synchronized
cell cycle of AB progeny blastula without contact with ME cells. (F) Tubulin-stained
stereo-pair projection of confocal sections showing that cells of AB progeny blastula, in
contact with ME cells, have spindles directed toward the ME cells. The cell cycles of
blastomeres adjacent to ME cells are delayed relative to blastomeres that do not have
direct contact with theME cells. Panel A fromHertzler et al., 1994. Scale bar in A=50 μm,
B, D=25 μm, C=10 μm, E, F=30 μm.
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Next, we wanted to knowwhether ME cells or PNM cells of normal
lineage were required for gastrulation. We reasoned that if the
progenitors of ME and PNM cells are essential for invagination, their
removal should block this process. To test this, ME and PNM cell
progenitors were removed from both 4- and 8-cell stage embryos.
First, either C or D blastomeres were removed from 4-cell stage em-
bryos (n=10 from each of 6 spawns). Removal of C blastomeres, which
give rise to four PNM cells in normal embryos (Fig. 1K), affected
neither ingression of ME cells nor elongation of the invaginated
naupliar mesoderm (Fig. 2D). Embryos with their D blastomere
removed, however, developed into blastulae which did not undergo
gastrulation (Figs. 2E, E′). In addition, blastomeres of embryos that
did not contain D cell descendants were seen to maintain mitotic
synchrony through the 242-cell stage (these embryos were not
examined past this stage). None of these blastomeres exhibited
mitotic arrest as is true of the ME cells, nor did any of them exhibit
mitotic retardation as noted in PNM cells during normal development.
Next, either D1 or D2 blastomeres (see Figs.1E, F and Hertzler et al.,
1994 for blastomere designation) were removed from 8-cell stage
linear embryos produced as in Fig. 2C (n=15 from each of 5 spawns).
PNM Invagination occurred in embryos containing a D2, but lacking a
D1 blastomere (Fig. 2F). In contrast, embryos without a D2 blastomere
remained as blastulae, their blastomeres maintained cell synchrony,
and these aberrant embryos often assumed a ﬂattened appearance
(Figs. 2G, G′). The results indicate that ME cell progenitors, but not
PNM cell progenitors of D1 cell lineage, are necessary for gastrulation.
Removal of any ME cell progenitor prevented normal gastrulation,
while removal of some PNM progenitors did not prevent gastrulation.
The results also suggest that spindle orientation and retarded cell
cycle of PNM cells are related to the presence ME cells.
Development of AB+ME combinations
Isolated AB half-embryos are unable to gastrulate (Kajishima,1951;
Hertzler et al., 1994). If contact with ME cells is sufﬁcient to induce
gastrulation, then their addition to half-embryos resulting from iso-
lated AB cells should restore the ability to gastrulate. AB+ME blastula
re-associations were performed in the following manner. At the two
cell stage, an AB blastomere was separated from a CD blastomere and
each was transferred to another petri dish. The CD blastomere was
allowed to divide and the C blastomere was removed. Descendants of
D blastomeres were separated after each successive cleavage until
production of ME cells, the daughters of D22 (see Figs. 1G, H, I and Fig.
3A). ME cells were placed in contact with AB half-embryos consisting
of 32 cells (normal 62-cell stage) as shown in Fig. 3B. In the AB+ME
recombinants, ME cells did not ingress (nN200 interpretable trials).
The ME cells, however, had three effects on AB progeny. (1) Cells of AB
progeny which were in direct contact with ME cells underwent a
retardation of their mitotic cycle (Fig. 3C), which could also be
observed at the next mitosis (Fig. 3F). In contrast, in AB half-embryos
without attachedME cells, mitotic synchronywas observed through at
least the 9th cleavage, when AB half-embryos contained 256 cells
(data not shown). (2) Cells in direct contact with ME cells exhibited a
reorientation of their centrosomes (Fig. 3F). This resulted in one
spindle pole becoming directly associated with the region of cell–cell
contact between ME-AB cells to produce oriented division of these
cells (Figs. 3C, F). (3) The oriented division of the AB progeny in contact
with ME cells produced an elongated structure which pushed the ME
progeny away from the surface of the blastula, and gave rise to
embryos that had the appearance of an “exogastrula” where the
epithelial invagination is everted rather than inverted (Fig. 3D).
The abnormal gastrulation in AB+ME recombinant embryos may
have been because the ME cells were not incorporated into the
epithelium of the blastula, as they are during normal development. Totest this, ME progenitors were combinedwith AB progeny at the 4-cell
stage and allowed to remain in constant contact with the partial em-
bryo. To maintain constant contact between ME cells and AB progeny,
the following manipulations were performed as described in Fig. 4. AB
and CD blastomeres were separated at the 2-cell stage, allowed to
divide (Figs. 4A–C), and re-associated in an A–B–D–C or B–A–D–C
linear array (Fig. 4D). The C blastomere was then separated from the
Fig. 4. Removal of PNM progenitors and the results of embryonic development in embryos lacking these cells. Panels A–I depict the manipulation of one embryo. (A) A 2-cell stage
embryo, with the larger CD blastomere is on the right and the smaller AB on the left. (B) Blastomeres AB and CD after separation with a glass needle. (C) At the 4-cell stage the A and
B blastomeres are indistinguishable but the D blastomere is easily identiﬁed by its slightly larger size. (D) Blastomeres were re-associated into an A–B–D–C or B–A–D–C linear array.
(E) Blastomere C was separated from the linear array after the D blastomere was ﬁrmly attached to the AB pair. (F) After the 3rd embryonic cleavage the experimental embryo
consists of six blastomeres with the D1/D2 pair at the right end. D1 and D2 are difﬁcult to distinguish by size so are provisionally labeled “Dx.” The separated C cell has also divided.
(G) One of the D daughters (D1 or D2) was separated from the embryo. Immediately following, the C daughters were separated. (H) The 4th embryonic cleavage resulted in the
division of all blastomeres, separated or not. (I) After the 4th embryonic cleavage one blastomere of D origin was disassociated from the embryo resulting in an embryo with one of
four possible combinations, AB+D22, AB+D21, AB+D12, or AB+D11. (J, K) AB+D22 embryo. (J) An embryo consisting of AB+D22 progeny and four smaller partial embryos resulting
from C and D progeny blastomere isolates similar to that illustrated in (I). The D22 blastomere gives rise to ME cells (Hertzler et al., 1994). The ME cells, which enter mitotic arrest,
are much larger than the other blastomeres (arrows). Division-arrested cells were not observed in dissociated C and D progenies. (K) Same embryo as J at later time. ME cells
ingressed into the blastocoel of the AB progeny and the embryo became ﬂattened at that side indicating gastrulation movements (arrow). (L, M) An example of an AB+D11, AB+D12
or AB+D21 embryo in which ME cells were not incorporated. Blastomere D22 was dissociated at the last step of the manipulation as indicated by the pair of division-arrested ME
cells (arrows). (M) These isolated ME cells resumed mitosis after three cycles, and blastulae resulting from this embryo lacked ME cells. There is no indication of gastrulation. Scale
bar=100 μm for all panels.
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pair (Fig. 4E). Following the next (3rd) cleavage, one daughter of the D
blastomere was separated from the linear embryo (Figs. 4F, G). After
the 4th cleavage, one of the remaining D blastomere grand-daughters
(either D21 or D22) was separated from the embryo (Figs. 4H, I). These
operations resulted in embryos which consisted of either AB+D22
partial embryos or AB+D21 partial embryos, which could be iden-
tiﬁed after the next (5th) cleavage. At this time, the D22 blastomere
divided to produce two ME cells (Hertzler et al., 1994), which entered
mitotic arrest and remained in arrest for three cycles as seen in normal
development. The type of experimental embryo, whether AB+D22
(Figs. 4J, K) or AB+D21 (Figs. 4L, M), could be thereby be determined.
Dissociated blastomeres were separated, but maintained in the dish
and their cleavages were monitored to verify that they were the
designated blastomeres. In these types of early AB+ME recombinant
embryos (n=14), the ME cells became incorporated into the blastula
wall and always ingressed (Figs. 4J, K). Following ingression of the ME
cells, one centrosome of each ME-circumjacent cell became directed
toward the region proximal to one of theME cells and the cell cycles of
these ME-circumjacent cells became retarded (Figs. 5A, B). In contrast,
if the D22 ME progenitor was not recombined with AB during the
operation, it was easily identiﬁed since the ME cells entered mitotic
arrest in isolation (Fig. 4L). In these cases, resumption of ME cell
division was observed to conﬁrm that the ME cells were undamaged
(Fig. 4M). Invagination never occurred (n=100 from 5 spawns) if
the D22 ME progenitor was removed at any step of the procedure
described.
These results demonstrate that: (1) PNM cells of original lineage
are not essential for invagination, since cells of AB origin circumjacent
to ME cells can mimic the spindle orientation and cell cycle patterns
seen in PNM cells of normal origin; (2) ME cells retard the cell cycle of
the cells of AB origin in contact with them; (3) ME cells affect the
spindle orientation of neighboring cells regardless of their lineage; (4)
direct associationwith ME cells with an AB half-embryo (composed of
32 cells) results in an “exogastrula-like” elongation event; and, (5) The
method (or timing) of recombination determines whether ME cells
ingress inside the embryo.Fig. 5. Effects of ME cells associated with AB or CD progeny. (A, B) Tubulin-stained confocal im
an AB+D22 embryo. This is the same embryo shown in Fig. 4K. Note also that cells adjacent to
optical sections from a tubulin-stained AB+D22 embryo. The cells circumjacent to the ME pa
other cells. (C, D). Effects of ME cells on CD progeny. (C) Tubulin-stained confocal image illustr
of non-ME blastomeres of CD origin. After one division cycle those cells that remained in cont
if allowed to undergo several divisions, always resulted in the elongation of CD progeny as
oriented division of PNM cells, (G) invagination of PNM cells, (H) second oriented division
Hertzler and Clark, 1992; Scale bar in A, B, E–J =50 μm, in C, D=30 μm.Recombinations of ME cells with blastomeres of C/D parentage
If contact with ME cells is sufﬁcient to induce the orientation of
mitotic spindles during normal development, then association of
isolated ME cells with isolated blastomeres of the same age should
also cause orientation of spindles. To test this, CD blastomeres were
isolated and separated after cleavage into C and D blastomeres.
Blastomeres were separated after two more cell cycles giving D22,
D21, D12, D11, C22, C21, C12, and C11, representing the eight des-
cendants of CD in normal 16-cell stage embryos. These blastomeres
were maintained separately and allowed to go through one more
division without blastomere separation, which resulted in eight
isolated pairs of cells, of which one pair were the ME cells. The eight
isolated pairs were then randomly associated, resulting in four groups
of four cells, and allowed to go through one more division.
Experimental embryo recombinations containing ME cells were easily
identiﬁed because the two ME cells did not divide. The cell cycle was
retarded in cells of CD parentage in direct contact with an ME cell, and
one pole of the spindles of these adjacent cells became directed
toward one of the ME cells (Fig. 5C). Subsequent cleavages resulted in
an elongated cell sheet at theME contact site (Fig. 5D). This elongation
was similar to the “exogastrula” produced by AB+ME recombinants
(Fig. 3E) and the extension of the naupliar mesoderm during normal
development (Figs. 5E–J). The results indicate that (1) ME cells retard
the cell cycle of the adjacent cells of CD parentage, (2) ME cells direct
the spindle orientation of these adjacent cells regardless of their
lineage, and (3) direct contact with ME descendants results in an
elongated structure emanating from the site of ME contact.
Discussion
The present study on blastomere recombination in penaeoidean
shrimp demonstrates that: (1) ME cells or their progenitors, but not
PNM cells of original linage, are necessary for gastrulation, (2) ME cells
retard the cell cycle and direct the spindle orientation of neighboring
cells, regardless of their lineage, (3) ectoderm cells are competent to
respond to a signal fromME cells to orient their spindles, and (4) 4-cellages of embryos lacking PNM progenitors. (A) ME cells ingressing into the blastocoel of
the ME cells have delayed mitoses and oriented spindles. (B) Blastopore view of several
ir have spindles which are radially aligned around the blastopore and delayed relative to
ating an experiment where an isolatedME pair was placed in contact with a randompair
act with theME pair exhibited spindles directed toward theME cells. Such combinations,
shown in D. (E–J) Normal S. ingentis embryo, showing (E) ME cell ingression (F) ﬁrst
of PNM cells, (I) resumption of ME cell division, (J) second ME cell division. E, F, J from
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data presented supports the hypothesis of Hertzler and Clark (1992)
that cells circumjacent to the ME cells (the PNM cells in normal
development) undergo elongation through oriented cell division, and
of Hertzler et al. (1994) that the ME cells organize the embryo.
ME cells or their progenitors are necessary and sufﬁcient to induce
gastrulation
The CD and D blastomeres were previously shown to be necessary
for invagination in shrimp embryos while CD or D blastomeres placed
in contact with AB half embryos were sufﬁcient to induce invagination
(Kajishima, 1951; Hertzler et al., 1994). In the present study, these
ﬁndings are extended to subsequent progenitors of the ME cells. The
blastomere removal experiments showed that D, D2, or D22 blasto-
meres, but not their sister cells C, D1, or D21, are necessary for inva-
gination. In addition, the ME cells are sufﬁcient to induce invagination
if they are recombined with AB half-embryos in a way that cell
contacts aremaintained in an early stage. In contrast, if recombination
between AB half-embryos and ME cells is made without continuous
contact, then the ME cells do not ingress and an “exogastrula” results.
In this case the ME cells still induce an elongation of cells in contact
with them. We interpret this structure as equivalent to the PNM
invagination during normal development, and suggest that it extends
as a result of oriented cell division induced by the ME cells. Further
analysis of AB+ME “exogastrulas” by nuclear or tubulin staining may
provide additional evidence for this.
ME cells direct the spindle orientation and retard the cell cycle of
neighboring cells
In early development of S. ingentis embryos, cell cycle synchrony is
ﬁrst lost at the late 32-cell stage when two vegetal cells, the ME cells,
enter mitotic arrest. The second lack of synchrony is noted at the
transition between the late 62-cell stage and the early 113 cell stage (2
ME+9 PNM+102 epidermal cells) when the cell cycles of PNM cells
circumjacent to the ME cells become retarded. Results of blastomere
deletion experiments show that blastulae lacking ME cells or their
progenitors maintained synchronized cell cycles. The radial spindle
orientation of cells normally seen circumjacent to ME cells was never
observed in blastulae lacking ME cells by tubulin antibody staining,
regardless of the blastulae age (blastulae were examined to the 242-
cell stage). These data strongly suggest that spindle orientations and
the retarded cell cycle of PNM cells in normal development are related
to ME cells. The results of ME-AB blastula association illustrate that
ME cells are capable of inﬂuencing the cell cycle and spindle
orientation of neighboring cells, but the result depends on how the
association is made. ME cells placed in late contact with AB blastula
induced spindle orientation, cell cycle retardation, and elongation of
the embryo. These manipulations never resulted in normal gastrula-
tion (ingression of ME cells and invagination of circumjacent cells);
instead, “exogastrula-like” structures formed. Three possible explana-
tions for this result are: (1) ME cells have lost their competence to
initiate inward movement, (2) ME adjacent cells have lost their
competence to support the ingression of ME cells, and/or (3) cell–cell
contacts between blastomeres in AB blastulae exclude incorporation
of ME cells into the blastula wall. While the data presented in this
study do not preclude the ﬁrst two possibilities, the third explanation
seems most likely. ME cells placed in late contact with AB half-
embryos encounter an intact epithelium whose cell junctions
probably preclude the inward movement of ME cells.
In contrast, ME cells placed in early contact with AB through
successive deletions of non-MECDprogenywere incorporated into the
AB blastula wall and were able to ingress. In this type of manipulation,
ME cellswere able to ingresswithout any normal PNM lineage and also
retarded the cell cycle and directed the spindle orientations of theircircumjacent cells. This early recombination of ME+AB more closely
resembled normal development, in which the ME cells are initially
present in the blastula wall, then ingress inside. A normal sequence of
cell adhesion changes likely occurs in early ME+AB recombinations.
Another example of the oriented division of invaginating cells can be
found in the euphausiacean crustaceans, or krill (Taube, 1909; Alwes
and Scholtz, 2004). Krill also undergo complete cleavage, arrest of the
mesendoblasts at the 32-cell stage, and orientation of “crown cell”
division into the blastopore. This pattern is not found in other mala-
costracan crustaceans with complete cleavage, however, since blas-
tomeres are internalized by ingression in both the Syncarida and
Amphipoda (reviewed by Gerberding and Scholtz, 2004).
A similar phenomenon occurs during early development of the
nematode C. elegans (reviewed by Goldstein, 2000). In pair-wise
blastomere recombinations, the 4-cell stage P2 can induce EMS and
the 8-cell stage daughters of P2 (P3 and C) can induce both daughters
of EMS (E and MS) to orient their spindles by cell–cell contact
(Goldstein, 1995). Contact by the inducing cells creates cortical sites in
the responding cells which cause rotation of the centrosome-nucleus,
thus orienting the spindle at the next cell division (Hyman andWhite,
1987; Hyman,1989; Goldstein,1995). The cell contact-induced spindle
orientation in C. elegans has recently been shown to involve the Wnt
signaling pathway (Schlesinger et al., 1999; reviewed by Walston and
Hardin, 2006). Recently, in ascidians a novel protein, PEM, has been
shown to be necessary for orientation of early cleavage divisions,
perhaps by inﬂuencing the binding of astral microtubule ends to the
cortex (Negishi et al., 2007). It will be interesting to see if homologues
to PEM can be found in other organisms and if it also is found to be
involved with oriented cell division.
In S. ingentis, there is a retardation of the cell cycle and a rotation of
centrosomes in the PNM cells contacting ME cells. The centrosomal
rotation takes place during prophase, prior to spindle formation, and
the spindles of other blastomeres not in contact with the ME cells do
not rotate out of their orthogonal division planes (Hertzler and Clark,
1992). This response to contact with the ME cells contrasts with
spindle rotation to avoid cell contacts during the cleavage stages prior
to gastrulation (Wang et al., 1997). These observations do not exclude
the possibility that the cells themselves, not the centrosomes within
the cells, are rotating. However, rotation of cells seems unlikely
considering the adhesive cell contacts within epithelial layers. The
mechanism by which ME cells inﬂuence the spindle orientation of
neighboring cells in S. ingentis is not known, but may also involveWnt
signaling as in C. elegans. The retarded cell cycle of PNM cells is
probably related to their speciﬁcation as mesodermal cells; however,
further studies using molecular markers will be required to conﬁrm
that ME cells also induce muscle fate in circumjacent cells. Thus a
second parallel with C. elegansmay exist, since in addition to inducing
spindle polarity, P2 also induces endoderm cell fate in the adjacent E
cell (Goldstein, 1992).
Regulation in penaeoidean shrimp embryos
The results demonstrate two examples of regulation in shrimp
embryos. First, regulation in shrimp embryos was revealed by AB+ME
recombinations. The animal-cap AB descendants normally give rise to
ectoderm cells which divide in synchronous, orthogonal orientations,
and do not invaginate. However, in early AB+ME recombinants, cells
adjacent to the ME cells became division-retarded, oriented their
spindles, and formed invaginations. Thus ectoderm cells are compe-
tent to respond to contact with ME cells, even though they have no
direct contact with ME during normal development. In C. elegans, the
experimental recombination of inducing cells with MS causes spindle
orientation in MS, even though MS does not normally contact
inducing cells during development. This potential is limited, however,
since the descendants of AB are not competent to respond to cell
contact-induced spindle orientation (Goldstein, 1995).
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into normal larvae. Wang et al. (1997) showed that S. ingentis embryos
rearranged into linear embryos at the 4-cell stage gastrulated and
developed into normal swimming larvae. In this study, embryos
rearranged into T-shaped or ﬂattened embryos at the 4-cell stage also
gastrulated and developed into swimming larvae. Together, these
results show that penaeoidean shrimp embryos have some capacity to
regulate in response to abnormal 4-cell blastomere arrangements. As
long as all blastomeres of the 4-cell stage were present, ingression of
ME cells and invaginations occurred despite these abnormal cell
contacts. In contrast, if blastomeres are separated at the 2-cell stage,
ME ingression and PNM invagination occurs only in CDbut not AB half-
embryos, and in 4-cell stage isolatesME cells form only in D isolates; in
neither case do swimming larvae develop (Hertzler et al., 1994). These
results are consistent with the D blastomere, or its ME cell des-
cendants, signaling to the rest of the embryo to organize development.
Two alternative mechanisms of PNM spindle orientation during
gastrulation are ruled out by the above experiments. First, the results
of experiments in which we changed the orientation of A/B and C/D
pairs indicate that the PNM spindle orientations are not prepro-
grammed. Since the ﬁrst two cleavage planes as well as the
blastomeres at the 4-cell stage were rearranged, one would expect
the cells circumjacent to the ME cells to be of different lineage from
the PNM cells of a normal embryo. Regardless of the apparent lineage
difference, blastomeres circumjacent to the ME cells exhibited spindle
orientation patterns seen in normal development. Furthermore,
manipulated embryos lacking cells of normal PNM lineage still exhibit
cells with spindle patterns typically seen in normal PNM cells. Second,
our data does not support the possibility that spindle orientation of
ME adjacent cells is a response to the ingression of the ME cells. When
ME cells were associated with AB blastulae or cells of CD progeny
there was no invagination process. Even though the ME cells did not
ingress, spindles of ME adjacent cells still oriented so that one pole
always faced an ME cell. These data are, however, consistent with a
mechanism of PNM spindle orientation induced by contact with ME
cells.
Oriented cell division as a force for elongation of PNM lineage
Hertzler and Clark (1992) proposed that oriented cell division
could act as a force for gastrulation in S. ingentis in several ways. ME
cells could be driven into the blastocoel by ectodermal cell divisions.
Our results do not support this, since if division of ectodermal cells
was facilitatingME cell ingression, onewould expect the phenomenon
to be dependent on a speciﬁc cell number. The results of the non-ME
CD progeny deletion experiments show that ME cells ingressed in
manipulated embryos at the same time the event was noted in normal
embryos, even though the manipulated embryos contained half the
cell number. The present study also suggests that ingression of ME
cells is not caused by the oriented cell division of the PNM cells. In the
non-ME CD progeny deleted embryos, ME cells ingressed before the
division of their circumjacent cells, consistent with the results of
Hertzler and Clark (1992). Their results demonstrated, during normal
development of S. ingentis, that ME cells had already ingressed while
the PNM cells were still at prophase (Figs. 1I, J of Hertzler and Clark,
1992). It would appear that oriented cell division has little to do with
ME cell ingression, an event which could instead occur through
differential cell adhesion and cell shape changes.
Oriented cell division could provide the force for invagination and/
or archenteron elongation of the PNM cells and their descendents. Our
results are consistent with this mechanism, since exogastrula-like
elongations occurred in late AB+ME recombinations, and in CDxx+
ME recombinations. These experimental eversions appear to mimic
the invagination that occurs during normal development or in early
AB+ME recombinations, and may provide an experimental model to
test if a measurable elongation force occurs during cell division.Additional correlative evidence for oriented cell division as a force for
invagination could be found by following live embryos, stained either
with a vital nucleic acid stain or injected with ﬂuorescently-labeled
tubulin, by 4-D microscopy during the PNM cell divisions.Acknowledgments
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